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.4bscract: Rapid advances in moIecular generics provide great opporrunities for studies 
of host defense mechanisms. E m i n a t i o n  of piant responses to disease at the cellular and 
molecular level permits b t h  discovery of changes in gene ex?ression in t5e tissues 
amcked by pathogens. and identification of genetic compcnents invo!ved in the 
interaction beween host and pat5ogens. Expression of specific proteins. which is one 
type of defense mechanism, may offer the hos: a weapon to protect it from invasion of 
pat!ogenic zmck.  Recently, we have isoiared a novel antimicrobial protein gene 
(P~4hfP) tiom lcbiolly pine during our gene screening effoc. Studies of molecular 
characterization show that the P&1? gene shares limited similakry with previously 
repme$ anth.icrobia1 proteins in the amino acid sequences, but it conruirs some 
common fearares, e.g. D5.A sequences and protein srmcrure, with those antimicrobial 
proteins. T'ne function of h i s  novel mtirnic:obial gene has been w,alyzed at the in vino 
and in vivo leveis. Antimicrobial assay daw showed that the pcriiied P--4hf? protein has 
sc-ong inhibitory activities agains: a variery of pat!!ogenic bac:e:ia and fungi. 
Furthermore, the gene for the P'&P was m ~ s f e r r e d  inlo the tobacco _genome via 
.4grobacrerium-mediated transfornation. Ec:opic expressicn of the ELMP protein in 
transgenic tobacco plants confen ~ s i s t n c e  to bacteria; and fungal phgopathogens. Our 
data suggest that the Pt4LliiP gene has the potential through p e t i c  manipulation to 
protect plants from a wide range of plant pathogens. h?ai:(sis of its function provides 
further understanding of plant defense nechanisms in  lobioi!y ;line. 

Ke:~xor2s. Lobioil? pine. disease resirA?c-, 
forest b l o t e c h n o i o ~  

mtimicrcbiai ?r3rein. rra~ssjenic plant. 

ISTRODUCTION 

Dce to cor.ti.nuou exFosue to rxicro'oizl ~ii::'logci?s. =Jm2s mC pix:s hase evolved 
v~rioils  highiy er':cec~i.~.e mechanisms to fend off microc!zi invaders. A widespread 
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skin and in the gastrointestinal system of amphibians to protect them from microbial 
invasion. Anothe; class of antimicrobial proteins is formed by the cysteinc-rich peptides, 
which in contrast to cecropins and rnagainirs. have a complex disulfidc bond-stabilized 
three dimenrional folding pattern. Defensins, o c c u i n g  in mammalian, insect and plant 
systems. are a major group among cysteine-rich antimicrobial peptides (Broekaen et ai. 
1995). In general, those defensins share some common features in their smctural and 
b c t i o n d  propenies, suggesting thar this c i u s  of AMP peptides acts on molecules andlor 
cell structures common to a wide range of mic~obia! organisms. 

Cysteke-rich aiitmicrobia! peptides piay a irnporait role h host defense a g a i r ~ t  
dec t ious  agenrs. This type of protein exhbits basic and small rnoiecules, and ofien 
possesses a broad spec- of ud-ubit0r-y activiq q2ili: severai major taxonomic groups 
of microbes. As products of single genes, ani?nic:obial 7eptides can be synthesized in a 
suift and flexible way. A!so. because of their small size they can be produced by rhe host 

. . 
with a mm,xal input of energy arid resowccs. More irrportantiy. the simple genetic bases 
mak: it m.enab.bie for genetic ma ipu ladon  and eu ier  to deveiop antibiotic-like 
biote~~hological  producrs. 

Ldik;: wLm,ais, plmts do not have an innaxe ir;.n.wit; system.. Rowever, ~e 
antirxicrobid protehs in plants :om the defsnse systex similar to i l e  innate inmunip in 
wiira!s. It is beiieied that mrinicrobiai pror:iis aue deployed by p i s s  aiid piay an 
imporant role in cer&n stages of plan: deveiopmsnt when a plant or plant tissue is under 
~ulne;able condirio~s. In general. ?:ant s e e 6  a-e especially rich in mt;r;llc;obial proteins, 
m d  h e  level of ar,ri--,ic:ocial proteics is several fold higher compared to the tissues such 
as leaves m d  flowers 5 o m  a deveioping plant (Wmz er ai. 2001) as they could contribute 
to improved seed production and secd gem.ina:ion. P!mr respocse to pathogen infection 
is h o n n  to result f o m  t i e  ac:il:ation of a specific ce!!dar program on r5r p r ~  of the 
plaqr and is Lrquen:!y associat:d kith a ; s ~ a h  Gcerr:: of ccildar h i a g e  ( X u x ~ g  et al - 
1998). = ~ s  Ending has d s o  su?pofied b) an ex!! ohsen XIOR, irhibltion of ~ 5 e  fungus 
(Cronar::iim ,fibsforme) by lob~oii)  pine iJacab1. 1982) Resistance of plaqi callus to 
~riection h a  bee:: artibuted to 3n:irnicrobial mecibc l ; :~  eexxded by the h ~ s i  tissues 
(Cmpbe!i e: al 1465). In a sirnilu rrimaer, tissue culmiz 1s an acrire process. tlggercd 
in response to en-~rorsnenial ar.6 phgohcmoca l  cluer. that is also acccrr.pa?ied by a 
c - ~ d i n  level of  crli U'e have o b s e ~ ~ e d  :ha: ~r, a d d i : : ~ ~  to pahogen irLec~ior.. the 
eupresslon of ~ a i o u  defex.se-~~!~:ed gmec been feud :o be ac::\ated dLLrinp in vitro 
t:csxi' cuixire cduar~g r: ai 1998 1 

As ;LC of ax ongoing smdq of ~ Y Z P : ~ C  mecbar.;srs o f  host res!stct?cc in iobioil> plne, we 
hace begla a chrt-scter,z.iition of arlt:m~crob:al propemes Fresenr in ~Fle [Issues of ioblolly 
pine Ssterai plant pra~elns ~7th mt:'cacrer,al or mtifungal act!.i.ip h a ~ e  be:n r e ~ o ~ e d ,  
bur to dale Lone h s  been r e ~ o c e d  icron 2 g>rnnospem Using rnoieculai biolog~cai 
approaches. we hate recently ~sclated 3 l o b i o l ~  pint  gene encoding ar! anwnicrobal 
prote:n (PtkLfP) B a e d  on the protrln sequence, :hs  iLCf? represents a n o ~ e i  tqpe of 
piant anriincrobla! p e p d r .  h o u e ~ ~ e r ,  it cont3ins -\_.LIP consened domains and multiple 
disu!fidr bridges and can therefore be considered s tL1e counterpar: of cqsteloe-rich 
a I P s  from animals Tnus, tho P;4,CIP ma! be a potent irkibitor of the g r o ~ t b  of a wide 



skin and in the gastrointestinai system of amphibians to protect them Bom microbid 
invasion. Another class of antimicrobial proteins is fomed by the cysteine-rich peptides, 
which in c o n t a t  to cecropins and magainins. have a cornpiex disulfide bond-stabilized 
three dimensional folding panern. Defensins. occw-ine in rn&~mdiar.. irdect and plant 
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systems, are a major group among cysteine-rich antimicrobial peprides (Broekaert et ai. 
1993). In general, those defensins share some common features in their srixccural and 
h c t i o n a l  propenirs. suggesting that this class of .lLP peptides a c n  on molecules and/or 
cell stmctures common to a wide range of microbial organisms. 

Cysteine-rich antimicrobial p e ~ t i d e s  pi.? zn i m p o r ~ ~ t  role in host defense against 
infectious agenu. This type of protein exhbits basic arrd s z d !  molecdes, and ofiea 
possesses a broad spc t ru , r  of tnhibitory activitj agziast severai major taxonor$ L c groups 
of mic:obes. As products of single genes, antimicrobid psptides can be synthesized in a 
swift and flexibie way. A!so. because of their smd1 size they can be produced by the host 
with a &&al input of energy and resources. More i m p o ~ t i y ,  the simple genetic bases 
make it amenable for gene:ic rnznipulxion md e u i e i  to deveiop antibiodc-like 
biotec~hnological products. 

Unlikr m h a l s ,  piaqrs do not have h-. i r ~ a t e  i ~~un ip  sysrex. However, the 
antimicrobial protehs in plants :om the defense s y s t : ~  slinilar to the ir2a:e imuiiy k 
ani,lals. It is beiieved thar antimicrobial prorsins are depioycd by pimo and play an 
i m p o r a t  role in cerain sages  of pim: dey~elopmsnt when a plant or p l a t  tissue is under 
vuineyabie conditiors In general. plaiit seeds are especially rich in aorirnic:obial proteins, 
and the level oianrhiciobial  proteins is several foid higher compared to the tissues such 
as leaves and flowers horn a developing p lmt  (Wane et al. 2001) as &ey c o d a  contribute 
to improved seed production and seed gezninarion. ?!ant respocse to pa~!ogen infezion 
is h o u z  to i e s ~ l i  fiom t i e  ac~ivation of a specific cellular 2mgrqa  or. ~ ! e  p u t  of the 
plmi and is frequently associated ultl a cenav. depes  of c c i l d a  hm.agt iF i ,mg e: al 
1998). T h s  Ending %as also supponed 0: an e z i y  obsenz~ion,  inhibition of rke firng-us 
(Cronar::um jimjarorme) by iobioiiy pine (Jacob~. 1987j. R s s i ~ * ~ c e  of p1m.t cd1u.s to 
infection h z  been amibured to wtimicrob~ai  metlbclites exllded by tke hcsi rissues 
(Campbe!] et a l  1965). in a similai mznner, tissue cd?az  is z? aciiie process. triggered 
in response to en\.ironmenwi a d  ph)~ohcmor .a l  clues. Lwr. is also ucar.panied by a 
cersir. level of ce!l h jq  'A'e have obsezed  rh;: m ddit:on to pathogen iriec~ior,. the 
expression ofiz~rious defense-rs!ared genes has 'xm found 10 be a c ~ i ~  3 r d  d ~ - ~ g  in vico 
tissxe cu!ture Ciiuang c: a1 1998) 

As pazz of m ongoing smdq of gPnetic me:hm~sins of hos: resismce 1n lobioiiy pine. we 
have b e p n  a chxcic t r~za t~on of ant:microbla! propenies ?resen[ In ~ ? e  tissues of lobiolly 
prne Seie:sl plmt proteins u-1~5 a n t ~ b a c ~ r n a i  or mi:iung31 actiil? have been repoced. 
but to date none has been rz;;or,ed fiom a glixnosnern Using moiecular bloloeical - - 
approaches. .*e have recently isclated a lobiolly pine gcne encodlng an an~imicrobal 
protein (Pt-LCP). Based on the protein sequence, t h s  k\f? represents a noiel p p e  of 
plant ar?t!rnlc:ob~a! pepnde. h o u e ~ ~ e r ,  i t  contams X,LIP conse?;ed domains and rnultlple 
Olsulfidr bndges and can t6e::fore be cons~de;,~", ~ t e  counterpan of c>sreine-rich 
'-tCIPs horn animals Thus, the Ptk?llP ma? be a poren: idnlbltor of the grouz! of  a w d e  



range of microbial pathogens. In order to determine the antimicrobial feature of the 
protein, this gene has been cloned and expressed in E. coli and in transgenic plants. In 
thls report, we demonstrate that the PtkViP gene from loblolly pine expressed a novel 
antimicrobial protein, which has strong inhibition against a broad group of pathogenic 
microorganisms including bacteria and h g i .  The PtkW gene was able to contribute an 
enhanced disease resistance while expressing in the target plants. We believe that the 
PtkCIP can be used to engineer plants to confer effective and durable resistance in plant 
against microbial pathogens. 

M.ATERI..(\LS AW METHODS 

Plant materials and tissue culture 

Lobioliy pine (Pinus raeab L.) seeds were aseptically geminated in virro. Then the shoot 
apices were excised from these germinating seedl i~gs  and placed on a modified LePoivre 
m e d i m  (LP) for callus induction using a modification of the method developed by 
Aitken-Christie et al. (1988). Tnus, both the callus derived from these young seedlmgs 
and seedling tissues (i.e. control) from the same seed source were used in parallel for the 
studies of gene expression. 

Gene identification a , ~ d  clonine 

Total RYA was isolated from both apical meristernatic cultures and normal seedling 
tissues (i.e., controls) according to Huang and Tauer (1996). '4 cDKA library 
representing all expressed genes in the callus cultures of loblolly pine was corsrructed in 
a i -ZAP vector (Szatagene. La Jolla, C.4) using the poly(A) m.4~ prepared from the 
total RYA. In order to identlfi the special group of genes expressed in the treated tissues, 
analysis of RXA (i.e transcripts) differential display was performed ~rsiiig the differential 
display iut (Genhunter COT.. Nashville. T?;). Siinilarities and differences in gene 
expression were uncovered by comparing the transcripts in t l e  callus cultures to those 
from controls. Thus, distinguishmg DSA fragments of co-migrating cDNA bands were 
separated throug!! DNCI, sequencing gel electrophoresis and diEerentia! display (DD) 
fragments were excised from the differential display gels. Finally h e  resulted DD cDNA 
fragments were conl;i;med 5).  reverse nor:?ern biotting analysis. 

Several selected distinguishng cDNX fragments were used as the probes to screen the 
cD5.A l i b r a ~  of loblolly pine callus to obtain a hll-!ength cDNA of < ~ e  gene of interest. 
To recover the cD3.A inserts, the ~Bluescripi phagemids were excised with E k s i s t  
helper phage and t l e  host s ~ a i n  E. coli XL-1 Blue (Stratagene, - La Jolla, CA). The 
nucleotide sequences were determined using thermal cycle sequencer with dye 
terminators arid the ABI automatic sequencer (Applied Biosciences, Foster City, CA). 
Sequence analysis was performed using the hlacvector program (Oxford Molecular 
Group). Similarity analysis to known sequences and to expressed sequences tag (EST) in 
Genilank was assessed by the BLAST program of the Natiorai Center for Biotechnology 
Information P C B 1  j (Bethesda, MD). 



Bioassay for antimicrobial activities 

For the antimicrobial assay, the PtAMP protein was expressed in vitro and purified with 
f i t y  chromatography. The microplate-reading method was used to determine 
antimicrobial activities of the recombinant PtctMP protein against a selected group of 
bacteria and fungi as described by Jin (2001). The inhibitory effect was assessed by 
calculation of the 50% inhibition concentration (CIso) of the PtS1MP protein to each of the 
bacterial and fungal strains. 

Functional studies of the gene in transgenic plants 

For the construction of a plant transformation vector, the cD?iA coding for the PtAMP 
protein was cloned into the plasmid pBI121 (Clontech), and the gene was placed under 
the control of the CaWT35S promoter. This gene fusion construct was introduced into the 
strain LBA-MO4 of Agrobacterium tumefaciens, which was then used for transformation 
of tobacco leaf explants according to the leaf-disc transformation method (Horsch et al. 
1985). ~ransgenic~tobacco plants-were recovered in vitro and confirmed to contain the 
PtZ,GP gene using Southern blot analysis or PCR DXA amplification with the W 
specific primers. Ti  plants of transgenic tobacco were subjected to bioassay for plant 
protection. Non-traiisformed tobacco plants served zs controls. All plants were inoculated 
with one of the two virulent strains of Pseudomanas syringae pv tabaci AT81 and 
AT2004 by infiltration under aseptic conditions. After inoculation, plants were kept at the 
appropriate humidity. Disease symptoms of those plants were evaluated at 4 and 12 days 
after infection. 

MSULTS A-B DISCUSSION 

The cDNA library from loblolly pine callus was screened G t h  the selected differential 
display cDKA fragments and several interesting cDNA clones were obtained. Sequence 
analysis indicated that one of the identified cDNA clones encodes a cysteine-rich protein, 
although its nucleotide sequences did not show a high degree of homology with any 
known genes in the Genbank database. Cysteine rich in t h s  protein is an important 
feature as many other antimicrobial peptides isolated to date contain numerous cysteine 
residuals, which contribute a high stability to the proteins by foming disulfide bridges. 
Thus. this cDK\;,4 clone, named PtLblP (as isolated from lobiolly pine, Pinus taeda) was 
chosen for W e r  characterization. 

First, we cloned the Pt.bMP gene into the expression vector pET30C-r in order to 
heterologously express the &\lP protein in virro. In general, any recombinant proteins 
can be effectively expressed in the model system, E. coli cell, which also facilitates 
subsequent purification of the target protein. However, expression of tfus antimicrobial 
protein in E. coli cells was a challenging task due to the nature of toxicity of the AMP 
protein to the microbial host. After testing a varie+q of expression systems, an in vitro 
expression system based on a combination of bacterium and bacterial phage was 
identified, which allowed us to isolate an adequate amount of the Ah17 protein. We also 



identified the critical point in the growth phase of the host cells, which permitted the host 
cells to synthesize an optimal amount of the AMP protein before the host cells were 
inhibited by the toxic protein. Subsequently, the expression product was purified using 
af3mity chromatography. 

Purified PtAMP protein was tested in vih.0 for inhibitory activity against a variety of 
microorganisms. Preliminary results, utilizing a highly pathogenic strain of Pseudomonas 
(Ralstonia) solanacearum (a vascular pathogen that causes severe wilting and eventually 
death) indicated that the purified PtAMP protein had very strong inhibitory effect to 
bacterial growth. As shown in Fig. 1, the viability of the bacterial cells was 55.1% when 
P solanacearum was grown in a medium supplemented with 3 ug/ml of purified PtAMP 
protein. Antimicrobial assay was also carried out with six fungal phytopathogens, five 
bacterial phytopathogens, and baker's yeast. Very strong inhibition (ICSO 4 0  ug/ml) was 
observed against six microorganisms and strong to moderate inhibitions against all other 
microorganisms tested (Table I). However, the RMLP protein was not toxic to plant 
cells (data not shown) when we conducted toxicity assays with both loblolly pine and 
tobacco cells in vitro. The addition of 100 udml of purified PtAMP protein to plant cell 
suspensions showed no effect on plant cultures, which was evidenced by no decline in 
cell viability and proliferation rate. 

-- - - - -  - _ - _ _  - - -- _ _ __ _ _ _ _  
Inhibition of PtAMP to the Growth of 

P.so1anacearum 

O0lO 4- -- 

0 5 10 15 20 
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Figure 1. Bactericidal effect of the k 4 M P  protein on Pseudomonv solanacearum. 
The'inhibition dynamics of various concentrations of the PeAMP on the pathogen 
grown in virro. 

In order to test in vivo expression of the antimicrobial gene in target plants, two 
expression vectors were constructed, containing the PtA_IMP gene and other regulatory 
elements such as enhancer sequences. The gene fusion was used to transform the 



Table 1. T'ne EAMP protein was tested for artimic:obial ac~iv i ty  with a m g e  of bacterial and 
fungal pathogens. Microbial growth inhibition was measured at the protein level (micro- per 
milliliter) when 5O0/b of inhibition (1C5,) was observed. 

Bacteria or fungi 

Clavibacter michiganesis 

Pseudomonas syringae 

Pseudomonas solanucearum 

Fusariurn oxysporum 

Collectotrichum obiculare 

Sacchcromyces cerevisioe 

leaf-disks of tobacco via tile Agrobacrerium-mediated tramfornation system. The 
t an sf om ants were selected by their resistact: to the selection agent ( b y c i n )  and 
trmsgenic tobacco plants were regenerated f ion  shootlets by transferr;,ng to a root- 
induction m e d i m  containing kanarnycin (1  0 u g h l ) .  'Thus, fertile t rmgenic  plants were 
obtained, w h c h  a~peared  normal in phenoppe but were con-firmed to possess intact 
copies of the PtQIP gene by stmdard SouLlem blot analysis (dam not shobn). In the 
firs: assay. we tested in iitro antimicrobial activity against . i i~~!ez t  st-ains of 
Pseudomonas syringae pv [abaci whch causes wild-fire disease on tobacco plants. 
PL%\P protein was pzially purified horn the Ps'sLfP-expressing pian~s and the extract 
from the transgenic plants was used in the in vitro antimicrobial assay. T'ne expressed 
PtAIMP protein from transgenic plmts clearly ikhibited bacterial , y o ~ ~ h  (Fig. 2) ,  whereas 
extracts from the control piar.1 inon-trmsforned) showed no inhibition to b e  growth of 
bacteria (data not shomr,). This result also suggests that ?he recombina!qt RA?/fP protein 
from transgenic plants was foidedconectly ad had its full function. To derermine the 
effect of disease resistance, the plmi expressing PtAhIP and non-transgenic control 
plmts were grown under aseptic condirions. Follouing this. the plants were inoculated by 
infiltraticn with two highly pathogeiic strains of Fseud~monas syringae pv rabaci AT8 1 
and AT3004. Seven days after infec~ion. d i se se  symptoms such as chlorsis and necrosis 
appeared at the inocu!ation sites of control piants but not on transgenic plants (data not - 
shown). Fourteen days after infection. the control plants showed severe disease 
symptoms and evenruall:; died ~ i t h  severe leaf wilting and stem rot after 21 days (data 
not shown). In contrast, iinIe necrotic lesion was observed on leaves of Pt,I,?IfP- 

'I 

IC, (udml)* 

0, 

< 3 

< 3 

<2 

2 1 

2 0 

Titielaviopois basicola 7 5 



Figure 2. Inhibitory a c t i v i ~  of the plant extract From the transgenic tobacco plant expressing the 
PtAMP. Plant extract was added into bacterial growth medium and bacter;lal growth rates were 
determined after 15 hours of incubation. Samples 1 and 2 represent the relative growth of 
Pseudomonas syrrngae pv tabaci PTBR2004, snd samples 4 and 5 for the growth rate of 
Pseudomom syringae pv tabacl PT81. Sampies 2 and 5 were grown in the medium containing 
the plant extract from the transgenic plant, and samples 1 and 4 were grown in the medium 
containing the plant extract from non-uansformed plant. 

transgenic plants challenged by the same pathogenic organisms (data not shown). Taken 
together, the results clearly suggest that overexpression of the PAW gene in the host 
plants confers an enhanced host resistance to Pseudomonas qringae pv tabaci AT8 1 and 
AT2004, two major pathogens of tobacco. 

CONCLUSIONS 

In summary, the PtAhlP gene appeas to be a novel antimicrobial gene from loblolly pine 
and encodes a small protein with the moiecular size of 11 7 kDa. Purified P t l W  protein 
shows strong antimicrobial activities against both Fungal and bacterial phytopathogens 
but no toxicity t'o piant cells. .4iia!ysis by Southern blot with Iobioliy pine genomic DNA 
indicated that the Pt4lbP gene belongs to a single or low copy gene family. When its 
expression pattern was investigated by Northern blot analysis, expression of the  PtkW 
gene had strong correlations with the status of seed damage and attack of 
phytopathogens. Thus, the results from h s  study suggest that the PtAMP protein has 
great value for engineering disease-resistance in crop plants. 
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